The attachment (G) protein of respiratory syncytial virus (RSV) is synthesized as two mature forms: a membrane-anchored form and a smaller secreted form. BALB/c mice scarified with vaccinia virus (VV) expressing the secreted form develop a greater pulmonary eosinophilic influx following RSV challenge than do mice scarified with VV expressing the membrane-anchored form. To determine if a soluble form of an RSV protein was sufficient to induce eosinophilia following RSV challenge, a cDNA that encoded a secreted form of the fusion (F) protein of RSV was constructed and expressed in VV (VV-Ftm ؊ ). Splenocytes and lung lymphocytes from mice primed with VV-Ftm ؊ produced significantly more of the Th2 cytokines interleukin-4 (IL-4) and IL-5 than did mice vaccinated with VV expressing either the native (membrane-anchored) form of the F protein or the G protein. Although mice scarified with VV-Ftm ؊ developed a slight increase in the number of pulmonary eosinophils following RSV infection, the increase was not as great as that seen in VV-G-primed mice. Despite the increased IL-4 and IL-5 production and in contrast to mice primed with VV-G, mice primed with VV-Ftm ؊ developed RSV-specific cytotoxic T lymphocytes (CTL) and maintained high levels of gamma interferon production. These data demonstrate that recombinant VV strains expressing soluble forms of RSV proteins induce immune responses that are more Th2-like. However, this change alone does not appear sufficient to induce vaccine-augmented disease in the face of active CD8 ؉ CTL populations.
Identification of strategies which preferentially induce specific types of immune responses is critical for the development of improved vaccines and will allow a more targeted approach to the development of antigen delivery systems. Respiratory syncytial virus (RSV), a pneumovirus within the Paramyxoviridae family, has a worldwide distribution and is the major viral pathogen of the pediatric respiratory tract. Despite years of active research, no effective vaccine against human RSV is currently available. Previous attempts at vaccination with a formalin-inactivated, alum-precipitated whole virus vaccine increased the severity of disease during primary RSV infection, and up to 80% of vaccinees required hospitalization (9, 15) . A growing body of evidence from animal models suggests that RSV vaccine-enhanced illness is caused by the selective activation of virus-specific Th2 cells.
The BALB/c mouse model has been used extensively to investigate how the route and formulation of RSV antigens affect disease outcome in primed animals. Distinct immunopathological responses to RSV infection are induced in mice sensitized to different RSV proteins (18) . Thus, scarification of mice with recombinant vaccinia viruses (rVV) expressing the fusion (F) protein of RSV induces a Th1-like immune response, characterized by lymphocyte and neutrophil efflux into the lungs following RSV challenge (1, 18) . In contrast, mice scarified with rVV expressing the attachment (G) protein of RSV are primed for a Th2-like immune response and develop a characteristic pulmonary eosinophilia following RSV challenge (1, 18) . The F and the G proteins of RSV differ in both the form and extent of their glycosylation. The F protein has five or six potential sites for N glycosylation (17) whereas the G protein is glycosylated by both N-and O-linked carbohydrate (11, 16, 32) . Indeed, nearly two-thirds of the mass of the G protein is due to glycosylation (21, 31) . The F and G proteins also differ in their subcellular site of expression in virus-infected cells. The F protein is a type I, membrane-anchored glycoprotein that mediates fusion of the viral membrane with that of the host cell to initiate a new infective cycle (30) . The G protein is naturally synthesized as a type II, membraneanchored glycoprotein in addition to a smaller soluble form which lacks the cytoplasmic domain and part of the membrane anchor domain (19) . We and others have shown previously that mice sensitized with rVV expressing the soluble form of the G protein have a greater eosinophilic influx into the lungs following RSV challenge than do mice sensitized with rVV expressing only the membrane-anchored form (4, 14) . To determine if the soluble nature of an RSV glycoprotein is sufficient to induce a Th2-like response in vaccinated mice following challenge, we have constructed an rVV expressing a transmembrane deletion mutant of the F protein that is secreted from VV-infected cells. In addition, we have analyzed the effect of retaining the F protein within the cytosol of infected cells in an attempt to improve upon cytotoxic T-lymphocyte (CTL) and Th1 priming. This approach allowed us to further investigate the role of Th subsets in the pathogenesis of exacerbated RSV infection in BALB/c mice. In the wider context of antigen delivery systems, this model allows the investigation of strategies that can be used to prime different T-cell subsets.
MATERIALS AND METHODS
Viruses. rVV strains were constructed by standard methods as briefly described below. Plasmid LF1 (7) contains the F gene of the Long strain of human RSV inserted into the pGEM-4 vector under control of the T7 promoter. The F gene inserted into this plasmid was mutagenized by PCR to encode the Ile525Stop (ATC to TAA) mutation, following the procedure of Higuchi et al. (12) as described previously (3), to create LFtrans Ϫ . In a similar manner, LF1 was mutagenized to create LFsig Ϫ , by eliminating the sequence encoding the first 21 amino acids and introducing a new initiation codon (ATG) before the sequence encoding amino acid Phe 22. The LF1, LF trans Ϫ , and LFsig Ϫ inserts were subcloned into plasmid pRB21 (6) . rVV strains were selected in CV-1 cells infected with VV vRB12 and transfected with the pRB21-derived plasmids as described previously (5) . VV-G contained the full-length G gene of the Long strain of RSV and has been described elsewhere (4) .
Immunofluorescence and radioimmunoprecipitation. Expression of the F protein by the rVV was analyzed by immunofluorescence and Western blotting. HEp-2 cells were grown in tissue culture chamber slides (Nunc) and infected with VV. At 24 h later, the cells were fixed with either cold methanol for 5 min and acetone for 30 s or 3.5% formaldehyde in phosphate-buffered saline (PBS) for 30 min. Cells were processed for indirect immunofluorescence with a pool of anti-F monoclonal antibodies (20) . CV-1 cells growing in 60-mm petri dishes were infected with rVV (multiplicity of infection, 5 PFU/cell) in Dulbecco's modified Eagle's medium supplemented with 2.5% fetal calf serum (FCS). Tran 35 S-Label (Amersham) was added 8 h later in methionine-free medium, and the cultures were incubated for a further 4 h. Then supernatants were collected, and cell extracts were made as described previously (17) . Immunoprecipitation of extracts (2 ϫ 10 7 cpm) and supernatants (5 ϫ 10 6 cpm) was done with a pool of anti-F monoclonal antibodies (MAbs) and protein A-agarose. Proteins bound to the agarose resin were eluted in sample buffer and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography. rVV strains were propagated on CV-1 cells and subjected to titer determination on HTK Ϫ cells as described previously (25) . The A2 strain of human RSV was grown in fetal calf kidney cells and stored in liquid nitrogen.
Mice. Six-week-old, specific-pathogen-free, female BALB/c mice were vaccinated intraperitoneally (i.p.) or scarified on the rump with 2 ϫ 10 6 PFU of rVV. Alternatively, mice were vaccinated intranasally (i.n.) with 2 ϫ 10 5 PFU of rVV. Serum samples were taken 3 weeks postvaccination and postmortem, 5 days after challenge. At 3 weeks postvaccination, the mice were challenged i.n. with approximately 10 5 PFU of RSV in 50 l. Groups of four or five mice were killed 5 days after challenge, lungs were removed, and virus titers were determined by the plaque assay (28) .
Antibody assays. The presence of serum antibodies to RSV was determined by enzyme-linked immunosorbent assay (ELISA) (26) , and the presence of isotypespecific antibodies was determined by using horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G1 (IgG1) or IgG2a (ICN Biomedicals Inc., Thame, United Kingdom).
Flow-cytometric and morphological analysis of BAL fluid. Five days after challenge, groups of five mice were killed and subjected to repeated bronchoalveolar lavage (BAL) with 12 mM lidocaine in PBS. The fluid obtained during the first round of BAL was used in the determination of an index of cell numbers infiltrating the lungs and the formation of cytocentrifuge preparations which were stained with May-Grunwald Giemsa stain. Differential cell counts of between 300 and 400 cells/mouse were examined by oil immersion microscopy. Further cells were collected from the lungs of each mouse by two further rounds of BAL and pooled in ice-cold RPMI with 10% heat-inactivated FCS for flowcytometric analysis. Cells were resuspended at 1 ϫ 10 6 to 5 ϫ 10 6 per ml in PBS containing 1% normal mouse serum and 0.5% bovine serum albumin. Two-color flow-cytometric analyses were performed with rat anti-mouse CD4 coupled to fluorescein isothiocyanate (Sigma, Poole, United Kingdom) and biotinylated rat anti-mouse CD8 (Pharmingen, San Diego, Calif.) followed by streptavidin-phycoerythrin (Southern Biotechnology Associates, Birmingham, Ala.). The staining was analyzed on a FACscan instrument (Becton Dickinson, Mountain View, Calif.).
CTL assays. Splenocytes from mice immunized 4 to 5 weeks previously with rVV were restimulated in vitro with RSV-infected autologous splenocytes for 5 days (10). Briefly, 1.5 ϫ 10 7 cells were cultured in 5 ml of RPMI 1640 containing 10% heat-inactivated FCS, 2 mM glutamine, 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 3 ϫ 10 6 irradiated RSV-infected naïve splenocytes. The target cells for cytotoxicity assays were BCH4 cells, which are a BALB/c fibroblast cell line (H-2 d ) persistently infected with the Long strain of RSV (8) , and uninfected BALB/c fibroblasts (27) . To demonstrate major histocompatibility complex (MHC) class I restriction of CTL activity, the mouse fibroblast cell line L-929 (H-2 k ) was used uninfected or infected with the A2 strain of RSV. Target cells were labelled with 51 Cr (10). Cytokine assays. Splenocytes were taken from vaccinated mice 5 days after RSV challenge and restimulated with RSV-infected autologous splenocytes as described above. In addition, groups of vaccinated mice were killed 5 days after challenge and their lungs were removed for the isolation of lymphocytes. This was achieved by sieving finely chopped lung tissue through a 70-m Falcon cell strainer (Becton Dickinson, Oxford, United Kingdom) and isolating viable cells following density gradient centrifugation on Ficoll Histopaque 1083 (Sigma).
Lung lymphocytes at 2 ϫ 10 6 ml Ϫ1 were restimulated with 4 ϫ 10 5 RSV-infected autologous splenocytes in Nunc 24-well plates (Life Technologies, Paisley, United Kingdom) in a total volume of 2 ml. Culture supernatants (CS) were harvested daily and stored at Ϫ20°C until assayed for cytokines. The presence of interleukin-2 (IL-2), IL-4, IL-5, IL-10, and gamma interferon (IFN-␥) in the CS was assessed by cytokine-specific antigen capture ELISA by using antibody pairs and standard methods (Pharmingen).
RESULTS

Isolation and characterization of rVV expressing different forms of the F protein.
The rVV strains encoding different forms of the F protein are listed in Table 1 . Recombinant VV-LF1 (hereafter referred to as VV-F) contains the wild-type gene and encodes the membrane-anchored F protein. The recombinant VV-LFtrans Ϫ , containing a form of the F protein gene in which the transmembrane region was deleted by eliminating the last 50 amino acids (Fig. 1A) , is predicted to encode a soluble form of the F protein and is referred to as VV-Ftm Ϫ . The recombinant VV-LFsig Ϫ (referred to as VV-Fsig Ϫ ) contains an F gene in which the sequence encoding the first 21 amino acids corresponding to the signal peptide was deleted and a new AUG codon was introduced before the sequence encoding Phe 22. This recombinant is predicted to encode an F protein that is retained within the cytoplasm of infected cells. The F protein produced in cells infected with the various rVV strains was analyzed by SDS-PAGE (Fig. 1B) . The F1 subunit was readily identified in cell extracts of CV-1 cells infected with VV-F but not in the supernatants from infected cells (Fig. 1B) . In contrast, the F1 subunit expressed by VV-Ftm Ϫ was detected in both cell extracts and cell supernatants (Fig. 1B) . In addition, the F1 subunit expressed by VV-Ftm Ϫ had a higher mobility than did wild type F, in agreement with its smaller size. In contrast, the F protein produced in cells infected with VV-Fsig Ϫ was not detectable by the radioimmunoprecipitation assay (data not shown).
Immunofluorescence was used to examine the sites of expression of the F protein encoded by the different rVV in HEp-2 cells. Anti-F MAbs stained both VV-F and VV-Ftm Ϫ -infected cells when fixed with methanol/acetone ( Fig. 2a and  b) . However, only VV-F expressed detectable F protein on the surface of infected cells fixed with formaldehyde to preserve cell membrane impermeability to antibodies ( Fig. 2c and d) . d Virus titers in mice vaccinated with VV-G, VV-F, or VV-Ftm Ϫ were significantly different from those in mice immunized with VV-␤gal (P Ͻ 0.0001).
e Virus titers from mice vaccinated with VV-Fsig Ϫ were significantly different from those in mice vaccinated with VV-␤gal (P Ͻ 0.004).
Very light cytoplasmic immunofluorescence of cells infected with VV-Fsig
Ϫ and fixed with methanol-acetone was observed after staining with anti-F MAbs (data not shown).
Antibody responses and protection against RSV challenge in mice vaccinated with VV-G, VV-F, VV-Ftm
؊ , VV-Fsig ؊ , or VV-␤gal. The site of expression of the F protein influenced the humoral immune response as assessed by RSV-specific ELISA following i.p. vaccination. Similar titers of RSV-specific serum antibodies were detected in mice vaccinated with VV-F, VVFtm Ϫ , or VV-G 3 weeks after vaccination or 5 days postchallenge (Table 1) . In contrast, VV-Fsig Ϫ did not induce detectable RSV-specific antibodies at this time and was no different from the control group vaccinated with vaccinia virus-␤-galactosidase (␤gal). No significant differences in IgG1 or IgG2a antibody titers were detected in sera from mice vaccinated with VV-F or VV-Ftm Ϫ . Protection against i.n. challenge with RSV was examined 3 to 4 weeks after vaccination with the various rVVs ( Table 1) . RSV was not recovered from the lungs of mice vaccinated with VV-F, VV-Ftm Ϫ , or VV-G 5 days postchallenge (Table 1) . However, mice vaccinated with VV-Fsig Ϫ or VV-␤gal were not protected against subsequent RSV infection ( Table 1) .
Kinetics of RSV clearance from the lungs of mice vaccinated with VV-F, VV-Fsig
؊ , or VV-␤gal. Although RSV was readily recovered 5 days after challenge from the lungs of mice vaccinated i.p. with VV-Fsig Ϫ , the titers of virus were generally lower than those recovered from mice vaccinated with VV␤gal (Table 1) . To determine whether mice vaccinated with VV-Fsig Ϫ cleared RSV more rapidly from the lungs than did the control (VV-␤gal) group, mice were killed on days 4 to 8 after RSV challenge and virus titers in the lungs were determined. In addition, the possibility that immunization with VVFsig Ϫ via the respiratory tract induced greater immunity than that induced following i.p. vaccination was investigated. The data from these experiments are summarized in Fig. 3 . Virus titers in the lungs were significantly reduced in mice vaccinated i.n. or i.p. with VV-F compared with mice vaccinated with VV-␤gal on days 4 and 5, (P Ͻ 0.0001) and on days 6 and 7, (P Ͻ 0.006). The titers were significantly reduced in mice vaccinated i.p. with VV-Fsig Ϫ but not in those vaccinated i.n. on day 6 (P ϭ 0.0025 and P ϭ 0.36, respectively). However, by day 7 after challenge, RSV titers in the lungs were significantly reduced in mice vaccinated either i.p. or i.n. with rVV-Fsig Pulmonary inflammatory response in vaccinated mice. Following RSV challenge, there was a significant increase in the number of cells isolated after a single BAL from mice vaccinated by scarification with VV-F, VV-Ftm Ϫ , or VV-G compared with VV-␤gal controls (P Ͻ 0.0001) ( Table 2) . However, the number of cells in the BAL from VV-Fsig Ϫ -primed mice was similar to that in BAL from VV-␤gal controls following challenge (Table 2) .
To determine if the site of expression of the F protein influenced the pulmonary inflammatory response, cytocentrifuge preparations made from fluid obtained from a single BAL, 5 days after challenge, were examined for changes in polymorphonuclear granulocyte content. Mice scarified with VV-F had a characteristic influx of neutrophils into the lungs following RSV challenge (median, 278 ϫ 10 3 cells/ml) (Fig.  4A ) and few eosinophils (Fig. 4B) . Indeed, the levels of eosinophils were usually Ͻ1% of the total cell population in BAL fluid. Neutrophils were also present in the BAL fluid from VV-Ftm Ϫ -primed mice following challenge, although the numbers were slightly reduced compared with those from VV-Fprimed mice (median, 221 ϫ 10 3 cells/ml) (Fig. 4A ). There was a significant increase (P Ͻ 0.007) in the numbers of eosinophils (2.5% Ϯ 0.5% of the total population in BAL fluid) in the BAL fluid from VV-Ftm Ϫ -primed mice compared with those in the BAL fluid from VV-F-primed animals (0.4% Ϯ 0.3% of the total population in BAL fluid) (Fig. 4B) . However, the pulmonary eosinophilic response in VV-Ftm Ϫ -primed mice was not as great as that in mice primed with VV-G (14% Ϯ 2.1% of the total population in BAL fluid). Fewer neutrophils were present in the BAL fluid from VV-G-primed mice (median, 90 ϫ 10 3 cells/ml) compared with the BAL fluid from mice primed with VV-F or VV-Ftm Ϫ (Fig. 4A) . The predominant cell type in the BAL fluid from VV-␤gal-primed mice, following challenge, were lymphocytes and macrophages with few neutrophils (median, 9 ϫ 10 3 cells/ml) and few detectable eosinophils (Fig. 4) . To determine if the site of expression of the F protein influenced the recruitment of CD4 ϩ and CD8 ϩ cells into the lungs, cells obtained by repeated rounds of BAL were pooled and analyzed by flow cytometry (Table 2) . When mice were challenged with RSV 3 to 4 weeks after vaccination, CD4 ϩ T cells predominated in BAL fluid from VV-G-, VV-Ftm Ϫ -, and VV-␤gal-vaccinated mice and equal proportions of CD4 and CD8 cells were found in the BAL fluid of VV-F-and VVFsig Ϫ -vaccinated mice ( Table 2 ). The lack of protection afforded by VV-Fsig Ϫ , undetectable antibody response, and low level of cellular infiltration into the lungs following challenge suggested that these mice were similar to the control group vaccinated with VV-␤gal, and further studies of the pulmonary inflammatory response did not include this group. If RSV challenge was delayed until 10 weeks after vaccination, the bias toward CD8 ϩ T cells in BAL fluid from mice primed with VV-F or VV-Ftm Ϫ and toward CD4 ϩ T cells in mice primed with VV-G was more pronounced. Thus, CD8
ϩ T cells outnumbered CD4 ϩ T cells in BAL fluid from mice scarified with VV-F or VV-Ftm Ϫ whereas CD4 ϩ cells outnumbered CD8 ϩ cells in BAL fluid from mice scarified with VV-G ( Table 2) . 
Generation of a CTL response in mice vaccinated i.p. with VV-F, VV-Ftm
VOL. 73, 1999 SECRETED F INDUCES IL-5 BUT NOT EOSINOPHILIAfibroblasts but not uninfected BALB/c fibroblasts (Fig. 5) or virus-infected, MHC-mismatched L-929 cells (H-2 k ) (data not shown). Mice vaccinated with VV-Fsig
Ϫ had a reduced RSVspecific CTL response in comparison with that generated from splenocytes of VV-F-or VV-Ftm Ϫ vaccinated mice. Nevertheless, the level of CTL activity in these splenocytes was greater than that observed in splenocytes from mice vaccinated with VV-␤gal or VV-G (Fig. 5) .
Cytokine production by RSV-restimulated immune splenocytes from mice scarified with VV-F, VV-Ftm ؊ , VV-Fsig ؊ , or VV-␤gal. The differences in pulmonary pathology following RSV challenge in mice scarified with VV-F or VV-G have been explained, in part, by differences in Th priming (1) . To determine if the site of expression of the F protein within infected cells influences the cytokine response, spleen cells were restimulated in vitro with RSV and CS were analyzed by ELISA for the presence of IFN-␥, IL-2, IL-4, IL-5, and IL-10. Lymphocytes from mice vaccinated with rVV expressing the soluble form of the F protein (VV-Ftm Ϫ ) produced more IL-4, IL-5, and IL-10 and less IL-2 and IFN-␥ than did lymphocytes from VV-F-, VV-Fsig Ϫ -, VV-G-, or VV-␤gal-primed mice (Fig. 6) . In this respect, the pattern of cytokine production by lymphocytes from VV-Ftm Ϫ -vaccinated mice more closely resembled that of cytokine production by lymphocytes from VV-G-vaccinated mice than that of cytokine production by lymphocytes from VV-F-primed mice (Fig. 6) . In contrast, lymphocytes from VV-F-primed mice produced predominantly IL-2 and IFN-␥, with little or no IL-4 or IL-5. Lymphocytes from VV-Ftm Ϫ -or VV-G-vaccinated mice produced similar levels of IFN-␥, which were approximately threefold lower than those from mice vaccinated with either VV-F or VVFsig Ϫ . Indeed, IFN-␥ was the predominant cytokine produced by spleen cells from VV-Fsig Ϫ -vaccinated mice. Thus, rVV expressing the soluble form of the F protein primed Th2 cells whereas rVV expressing a cytoplasmic form of the F protein primed Th1 cells (Fig. 6) .
Cytokine production by RSV-restimulated lung lymphocytes. The predominant Th2 response of spleen cells from VV-Ftm Ϫ -vaccinated mice and the reduced pulmonary eosinophil response compared with that in VV-G-vaccinated mice (Fig. 4) suggests that the pattern of cytokine production by spleen cells does not accurately reflect that in the lungs. Therefore, the cytokine profiles of lymphocytes isolated from the lungs of vaccinated mice 5 days after challenge were analyzed after restimulation in vitro with RSV-infected autologous splenocytes. Supernatants were harvested on a daily basis for cytokine analysis by ELISA. Lung lymphocytes from VV-Fvaccinated mice produced the highest levels of IL-2 and IFN-␥ and only low levels of IL-4 and IL-5 (Table 3 ). In contrast, lung lymphocytes from VV-Ftm a Mice were vaccinated by dermal scarification with 2 ϫ 10 6 PFU of rVV and challenged i.n. with RSV 3 or 10 weeks later. At 5 days after RSV challenge, the mice were killed and the lungs subjected to three rounds of BAL. The counts in the fluid from the first round of BAL were used to give an index of cell numbers.
b Mean Ϯ standard deviation. c Cells obtained by repeated BAL of groups of five mice were pooled, stained for CD4 and CD8 expression, and analyzed by flow cytometry. Representative data from one of three independent experiments are shown.
d ND, not determined.
not as high as those in CS from lymphocytes of VV-Ftm Ϫ -vaccinated mice (Table 3) . Thus, in contrast to the Th2-biased cytokine response by spleen cells from VV-Ftm Ϫ -primed mice, the lung lymphocytes exhibited a mixed response.
DISCUSSION
Altering the subcellular location of the F protein in rVVinfected cells had a profound effect both on priming of the immune response and on protection against RSV challenge. As seen previously with a form of the F protein that is retained within the cytoplasm of infected cells (10) , rVV expressing a signal peptide deletion mutant of the F protein primed RSVspecific CTLs but failed to elicit detectable serum antibody. However, the CTL response in VV-Fsig Ϫ -vaccinated mice was not as great as that induced by vaccination with the membraneanchored form of the protein. This contrasts with CTLs from mice primed with rVV expressing a signal peptide-deleted hemagglutinin (HA) of influenza virus (29) . Thus, CTL recognition of HA could be enhanced by altering the subcellular location of the protein in infected cells. The failure to detect Fsig Ϫ by RIPA, together with low levels of fluorescence, suggests that Fsig Ϫ may be rapidly degraded within infected cells. By deleting the signal sequence, the entry of the F or HA proteins into the endoplasmic reticulum is inhibited, and this should increase their availability as substrates for cytoplasmic proteases and presentation by class I MHC. This would be expected to result in enhanced priming of CTL and therefore to more rapid virus clearance. Although CTL priming was less pronounced in mice vaccinated with VV-Ftm Ϫ than in those vaccinated with VV-F, RSV was cleared more rapidly from the lungs compared with the clearance from the lungs of control mice vaccinated with VV-␤gal. However, we found no significant difference in virus clearance if CTLs were primed by the i.n. rather than the i.p. route of vaccination. 
VV-Ftm
Ϫ -or VV-G-scarified mice revealed that both groups produced high levels of IL-4 and IL-5 and only low levels of IFN-␥. In fact, priming for IL-4, IL-5, and IL-10 was more marked in VV-Ftm Ϫ -primed mice than in those primed with VV-G. Therefore, the pattern of cytokines produced by the spleen cells did not explain the reduced numbers of eosinophils in BAL fluid from VV-Ftm Ϫ -primed mice compared with those in BAL fluid from animals primed with VV-G. Analysis of the pattern of cytokine production of lung lymphocytes obtained 5 days postinfection and restimulated in vitro with RSV also showed higher levels of IL-4 and IL-5 from VVFtm Ϫ -primed mice than from any of the other vaccinated groups. Despite the abundant Th2 cytokine production by lung lymphocytes, VV-Ftm Ϫ -primed mice did not develop the same level of pulmonary eosinophilia as that observed in VV-Gprimed mice following RSV challenge. Although IFN-␥ is expressed more abundantly than Th2 cytokines from cells isolated from the lungs of VV-G-primed mice during pulmonary eosinophilia (21, 23) , the present study indicates that they produce significantly lower levels of IFN-␥ than do lung lymphocytes from any of the other groups of vaccinated mice. Indeed, we consistently found that lung lymphocytes from RSV-infected control mice (VV-␤gal) produce more IFN-␥ than did lung lymphocytes from VV-G primed mice. It may be that priming with VV-G actively down regulates IFN-␥ production. Our results contrast with those of Srikiatkchorn and Braciale (24) , who found higher levels of IFN-␥ produced by lung lymphocytes from VV-G-primed mice than from VV-Fprimed mice during an acute infection. Similarly, flow-cytometric and quantitative PCR analysis demonstrated that IFN-␥ is a predominant cytokine in lung lymphocytes from VV-Gprimed mice following RSV challenge (22) . However, IFN-␥ mRNA in BAL fluid cell populations was more abundant in VV-F-primed mice than in VV-G-primed mice 4 days after RSV challenge and the numbers of IFN-␥ ϩ cells in BAL fluid declined more rapidly in VV-G-primed mice than in VV-Fprimed mice after RSV challenge. The relative paucity of Th2 cytokines in lung lymphocytes, whether analyzed after restimulation in vitro with RSV (24; see above) or without restimulation (22) by flow cytometry or quantitative PCR has led to the suggestion that modest increases in the numbers of Th2 cytokines can result in lung eosinophilia even with abundant IFN-␥ from local T cells. However, this does not seem to apply to mice primed with the soluble form of the F protein (VVFtm Ϫ ). In these mice, the high levels of IL-4 and IL-5 were accompanied by a decrease in the level of IFN-␥ production compared with that in the VV-F group, and the ratios of IFN-␥ to IL-5 in pulmonary lymphocytes from VV-G-and VV-Ftm Ϫ -primed mice were similar (96:1 and 145:1, respectively). However, lung lymphocytes from VV-Ftm Ϫ -primed mice consis- tently produced more IL-2 (sixfold) and more IFN-␥ (fourfold) than did lung lymphocytes from VV-G-primed mice. It appears that priming with VV-Ftm Ϫ resulted in a cytokine profile that was intermediate between those obtained after priming with VV-F or VV-G. The relative lack of pulmonary eosinophilia, compared with that seen in VV-G-primed mice, suggests that the increased IL-4 and IL-5 levels are insufficient for the induction of pulmonary eosinophilia after RSV challenge. IFN-␥ has been implicated in the control of pulmonary eosinophilia in this model (12) , and it is possible that the levels of IFN-␥ in VV-Ftm Ϫ -primed mice are sufficient to prevent eosinophilia whereas the levels in VV-G-primed mice are not. CD8 ϩ T cells have been strongly implicated in the control of pulmonary eosinophilia (13, 23) , and this is supported by the observation that VV-G-primed mice fail to elicit a CD8 ϩ CTL response (2, 23; see above). Mice vaccinated with VV-F develop pulmonary eosinophilia during RSV infection if they are depleted of CD8 ϩ T cells or IFN-␥ (13). In contrast, BALB/c mice vaccinated with VV-G incorporating a CTL epitope from the matrix (M2) protein of RSV do not succumb to pulmonary eosinophilia following RSV infection (23) . We have shown previously that altering the route of vaccination with VV-G can result in a predominant CD8 ϩ -T-cell response in the lungs after RSV challenge and that pulmonary eosinophilia is not observed (4) . Furthermore, there is a preferential accumulation of CD8 ϩ T cells in BAL fluid from VV-F-primed mice that do not succumb to pulmonary eosinophilia, whereas there is an accumulation of CD4 ϩ T cells in the BAL fluid from VV-G-primed mice (22) . Similarly, we have observed a predominant CD8
ϩ -T-cell accumulation in the BAL fluid from both VV-F-and VV-Ftm Ϫ -primed mice compared with that in VV-G-primed mice when the animals are challenged 10 weeks or more after vaccination. Although vaccination with VVFtm Ϫ induces high levels of IL-4 and IL-5, it also primes CD8 ϩ CTLs. It is likely that this capacity to prime CD8 ϩ T cells controls the potential development of lung eosinophilia in mice scarified with VV-Ftm Ϫ . It is becoming increasingly apparent that the ability to effectively prime CD8 ϩ T cells can counter the Th2-driven pathology during RSV infection. Vaccine candidates that prime this population of cells should serve to limit the potential problems of vaccine-augmented disease. However, priming of RSV-specific CD8 ϩ CTLs alone is not sufficient to protect against RSV infection in BALB/c mice, as demonstrated by the results obtained with VV-Fsig Ϫ . a Mice were vaccinated by dermal scarification with 2 ϫ 10 6 PFU of rVV and challenged i.n. with RSV 3 weeks later. At 5 days after the challenge, lung lymphocytes from groups of five mice were pooled and 2 ϫ 10 6 cells were restimulated in vitro with RSV-infected autologous splenocytes.
b Statistically significant differences were found as follows: VV-F compared to all groups (P Ͻ 0.008) and all groups compared to VV-G (P Ͻ 0.01).
c Statistically significant differences were found as follows: VV-␤gal compared to all other groups (P Ͻ 0.004) and VV-Ftm Ϫ compared to VV-G and VV-F (P Ͻ 0.00075).
d Statistically significant differences were found as follows: VV-G compared to VV-F and VV-␤gal (P Ͻ 0.004), and VV-Ftm Ϫ compared to all other groups (P Ͻ 0.004).
e Statistically significant differences were found as follows: VV-F compared to all other groups (P Ͻ 0.05), and VV-␤gal compared to VV-G (P ϭ 0.005).
